INTRODUCTION
Transient hot fluid flow events such as those connected to rift-related volcanic activity can impact all aspects of the hydrocarbon industry, from enhanced source rock maturity to reservoir degradation by rapid cementation from cooling fluids. A full understanding of fluid migration pathways, thermal history and diagenetic processes related to hot fluid migration is, therefore, extremely important in the effective development of hydrocarbon provinces in ocean margin settings. At least two major episodes of hot fluid migration have been recognized on the NW UK Atlantic Margin -a Late Jurassic-Early Cretaceous rift-related pulse and a Tertiary event ascribed to magmatic activity (Nadin et al. 1997; Clift 1999; Dean et al. 1999; Naylor et al. 1999; Parnell et al. 1999) . Apatite fission track analyses (AFTA), vitrinite reflectance and fluid inclusion microthermometry have shown that these hot fluid pulses involved fluids which record palaeotemperatures up to 200 C Parnell et al. 1999 ) which indicates rapid emplacement. Fluids trapped as inclusions during flow were thus significantly hotter than predicted from burial histories, and recorded temperatures much hotter than those represented by vitrinite reflectance data (Parnell et al. 2001) . However, we use the term 'hot fluid' to refer to fluids that are represented by fluid inclusion homogenization temperatures which are at least 20 C higher than the maximum temperature attributable to burial.
In this paper the aim is to identify petrographic and geochemical features of samples which may have undergone hot fluid migration related to Tertiary magmatic activity, and assess the distribution of these features with respect to published models for hot fluid flow West of Shetland (WOS). The large volumes of igneous material emplaced during this event appear to have had no regional-scale effect on geothermal gradients (Holmes et al. 1999 ), but localized effects are both predicted (Turner & Scrutton 1993) and observed (Parnell et al. 1999) . Hot fluid migration may produce several recordable features in rocks, including the alteration of matrix and cement phases and the deposition of new minerals during cooling (which, in turn, may trap syn-flow fluids). Discrimination of short-lived hot fluid pulses from basin-wide burial heating effects and detection of the pathways along which fluids have migrated, requires identification of localized hot fluid petrographic and geochemical effects. A number of features were investigated:
1. stratigraphically restricted features (e.g. anomolously hightemperature fluid inclusions restricted to certain stratigraphic levels). A preliminary examination of fluid inclusion data (in association with AFTA and vitrinite reflectance measurements) from five WOS wells by Parnell et al. (1999) noted anomolously hot fluids in sandstone samples as young as Paleocene in age, and demonstrated that such activity persisted at least into the Eocene. In this study we have extended this preliminary work to include 47 samples from nine wells, ranging in age from Precambrian Basement to Miocene in order to record the stratigraphic interval(s) in which anomolously hot fluid inclusions are present; 2. temporally restricted features (e.g. rapid cementation events). Quartz cementation may occur as a single rapid event due to solubility decrease with falling temperature (short-lived fluid flow events), or as a result of a longer time-scale response to compaction during burial. The paper presents the results of a Scanning Electron Microscope cathodoluminescence (SEM-CL) study of quartz cements carried out on 43 sandstone samples from 16 WOS wells to determine whether a quartz cement phase attributable to a single, widespread event could be recognized; 3. direct indicators of mineral precipitation from high temperature fluids. Dickite (a high temperature polytype of kaolin, stable above 90 C to 120 C occurs in many hydrothermal systems and its presence in sandstones may, therefore, be directly indicative of elevated palaeotemperatures.
GEOLOGICAL SETTING
The regional geology of the West of Shetland area has been described by many authors (e.g. Bailey et al. 1987; Stoker et al. 1993; Lamers & Carmichael 1999) . The region is floored by crystalline basement gneisses of Lewisian affinity overlain by half-graben rift sequences of Permo-Triassic age. Late JurassicEarly Cretaceous rifting led to deposition of organic shales and restricted sandstones on a thin Early Jurassic shale sequence. Late Cretaceous rifting and normal faulting were followed by the deposition of extensive marine sediments, prior to Paleocene-Eocene volcanism. In a study of thermal effects of the Tertiary Cuillins Intrusive Complex on organic-rich midJurassic shales, sediments more than 15 km from the complex were immature, suggesting that igneous intrusion was not a viable regional mechanism for maturation of shallow-buried sediments (Thrasher 1992) . In areas affected by fluid migration, however, localized heat flow may have moved hydrocarbonbearing sediments into the oil generation window (Thrasher 1992) . Hot fluid migration has been identified in the palaeothermal record in several wells from the UK Atlantic Margin (Parnell et al. 1999) . At a local scale the impact of hot fluid migration is significant, with a fivefold increase in thermal maturity relative to a normal maturity predicted from normal geothermal gradient in the absence of intrusions (Holmes et al. 1999) . The extent of this heating may have been favourable for hydrocarbon generation in certain regions and could also have driven fluids from Mesozoic to Tertiary levels (Bjørkum & Nadeau 1998) . Post-volcanism uplift during the Tertiary was followed by the deposition of Early Eocene paralic to continental sediments and Eocene-Oligocene marine clastic sediments prior to deposition of a veneer of Pliocene and younger sediments now exposed at the sea floor.
ANALYTICAL METHODS
All samples analysed were selected from the core of commercial wells located in the West of Shetland. Three additional wells (referred to here as 204/A, 204/B and 204/C) are anonymous. Sample sizes were, in general, small, extracted from core and sidewall core. Fluid inclusion wafers were prepared by INROCK Drilling Services Ltd UK, using standard methods. Fluid inclusion wafers were examined using a calibrated Linkam THM600 heating-freezing stage attached to an Olympus BH-2 petrographic microscope, and measured with the aid of a video screen coupled to a Nikon OPTIPHOT 2-POL microscope. The Linkam THM 600 was calibrated using organic standards of known melting point. The Linkam THM 600 stage is extremely sensitive and is accurate in heating and freezing within increments of 0.1 C between temperatures of 196 C and 600 C. Homogenization temperature (T h ) measurements were determined using a heating rate of 10 C min 1 at intervals of 0.1 C. First and final ice melting temperatures (T e and T m respectively) were measured at a heating rate of 1 C min 1 . Hydrocarbon inclusions, which fluoresce under ultra-violet light, were photographed using a Nikon Eclipse 600 UV microscope fitted with a Nikon HB-10104AF mercury source. No independent measurements of temperature or pressure were obtained during the course of these analyses and, therefore, these values are only minimum temperature estimates.
SEM-CL images were collected on a Phillips XL-30CP SEM located in the Department of Geology & Geophysics, University of Edinburgh. Fragments of double-polished impregnated fluid inclusion wafers (approximately 100 µm thick) were mounted onto glass slides using a double-sided adhesive carbon disk, and then carbon coated to produce a conducting layer. A series of test images were taken to standardize operating conditions in order to image quartz textures. Under the chosen conditions carbonates are nonluminescent. The majority of images were taken using an accelerating voltage of 15 kV, with an approximate beam current at the specimen of 1 nA and a working distance of approximately 1 mm from the cathodoluminescence (CL) detector. The CL detector consists of a fully retractable arm with a parabolic mirror mounted at one end, and was left in place when taking secondary electron images, but removed from above the sample when backscattered electron images were obtained. SEM-CL images are digital, with individual pixel brightness a function of the intensity of the CL signal at each beam spot. The beam is scanned and the signals from each point recombined to generate the image. Various frame integration, resolution and scan rates were used depending on the detrital grain and matrix luminescent response.
X-ray diffraction (XRD) analyses were performed on a Phillips X-Ray Diffractometer at the Department of Geology & Geophysics, University of Aberdeen. Analyses were carried out from 3-50 using Cu K(radiation at 36 kV, 24 mA).
All stable isotope analyses were carried out at the Scottish Universities Research Reactor Centre, East Kilbride. Samples chosen for stable isotope analysis were hand separated, due to the small initial sample volumes available. Oxygen isotope analyses were obtained using fluorinated samples plasma-ashed at 650 C (Clayton & Mayeda 1963) . Hydrogen isotopic analyses were undertaken using the method of Bigeleisen et al. (1952) .
RESULTS

Fluid inclusion thermometry
Existing anomalously hot fluid inclusion data in the literature are predominantly from Paleocene samples (Parnell et al. 1999 (Parnell et al. , 2001 ; in this study wells with post-Paleocene sandstone samples have been targeted to determine whether the thermal anomaly continued beyond the Paleocene and, if so, to what extent. The number of released wells with post-Paleocene sandstone cuttings is limited. Eight wells were sampled in which both post-Paleocene and Paleocene or older samples could be measured to produce a profile of fluid inclusion homogenization temperatures, plus one additional well that allowed comparison of Upper Paleocene and older levels (Fig.  1) . The problem of assessing a post-Paleocene temperature record from limited wells is exacerbated by the very limited degree of cementation in these shallow samples. Although healed microfractures through grains can be measured in most samples, their significance has to be assessed with care in order to determine that they are not inherited: this assessment is made from petrographic evidence and from the consistency of the data obtained from them. The cements measured in the post-Paleocene samples are quartz and/or calcite. The cements are believed to be relatively early, as the host samples have high minus-cement porosities (i.e. cementation had occurred before significant compaction). This is common in carbonatecemented sands, not typically due to hot fluids, but early re-crystallization of shell fragments. It is uncommon in quartzcemented sandstones. Where cements yield anomalous temperatures, we infer a maximum age for hot fluid from the age of the sample. Where cements yield normal, relatively lowtemperature data, we cannot state that no hot fluid was present at the depositional age. However, because the cements appear to be early, the stratigraphic distribution of hot fluid signatures is a reasonable guide to their time span. The occurrence of hot fluid signatures in the post-Paleocene samples is summarized in This suggests that although hot fluids were able to enter the Tertiary aquifer, they were either focused along certain horizons, or they did not leave a record at all levels. Their particular occurrence in the upper part of several wells could reflect higher porosities in shallower rocks, or ponding beneath impermeable horizons. 2. The profile through well 205/22-1A shows no marked thermal anomaly at any level. However, the moderate temperatures encountered in Eocene and Oligocene samples 
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are still higher than might be expected from the burial depth. We speculate that this reflects its setting eastward of a structural high, the southern end of the Flett Ridge, which may have inhibited up-dip flow from deep basinal regions to the west, such that only a weak anomaly is expressed. The calcite cement in the shallow levels of well 206/5-1 yields only monophase inclusions (by convention, representing temperature <60 C). The healed microfractures in grains in these young samples are probably inherited: there is no modal value for temperatures in the microfractures. There is no unequivocal evidence for anomalous temperatures in this well, which is also east of the Flett Ridge. Well 206/5-2 is also east of the ridge, but is adjacent to a major fault that could have acted as a conduit for hot fluids. Green et al. (1999) used a present-day geothermal gradient of c. 30 C km 1 for 204/19-1. Due to the amount of postEarly Tertiary burial in this region, they assume that the maximum limit to the Early Tertiary palaeogeothermal gradient is c. 90 C km 1 . This means that Early Tertiary heat flow rates of up to three times present-day values may have been present and recorded in the homegenization temperatures of the cements. The Cretaceous data (Fig. 3 ) are mostly consistent with a palaeogeothermal gradient less than that of the present day. Most of the Paleocene data for 204/19-1 lie between the present-day value (c. 30 C km 1 ) and that proposed by Green et al. (1999) as the maximum for the Early Tertiary (c. 90 C km 1 ). However, it can be shown that the Eocenehosted data for this well, as well as some of the Paleocenehosted data, imply that elevated thermal values (of up to at least three times the present-day geothermal gradient) were present at this time.
We believe that the high temperatures in several wells do reflect the entrapment of anomalously high-temperature fluids. There is no evidence for an additional component in the inclusion fluids which might complicate the homogenization behaviour. Processes that may influence the vapour/liquid ratio of inclusions and, hence, their homogenization temperatures, such as trapping of vapour-liquid mixtures and necking down during inclusion entrapment can be discounted because adjacent inclusions yield consistent temperatures rather than the range of temperatures that would reflect a variable proportion of entrapped vapour.
Fluid inclusion petrography
Fluid inclusions were measured exclusively in quartz cement. It was possible to distinguish primary inclusions which occur in quartz cement (either at grain-overgrowth boundaries or within overgrowths) and secondary inclusions which occur in healed microfractures cross-cutting grains. Where trails of secondary inclusions cut cement, they are clearly post-depositional. Where cement is lacking, trails are assumed to be post-depositional where they exhibit consistent orientations or can be traced from one grain to another or contain hydrocarbon inclusions. Isolated inclusions within grains, or trails that cannot be deduced to be post-depositional, are excluded. A general observation, not limited to this study, is that some trails yield data comparable with those from cement in the same sample, indicating that microfracture healing is part of the cementation process (Parnell et al. 2001) .
The inclusions measured are mostly in the size range 2-5 µm and have rounded to oval shapes. Where hydrocarbon inclusions occur, they may be up to 10 µm size. Mixed inclusions of water and hydrocarbon have not been observed, although traces of one fluid along the walls of an inclusion of the other fluid could go unnoticed. Ice melting temperatures were all below zero and there is no evidence for clathrate formation which would represent significant methane or carbon dioxide contents.
Histograms of homogenization temperature data are shown in Figures 2a-h. The higher temperatures (>150 C) occur in both primary and secondary populations of inclusions. Where salinity data are available, calculated from ice melting temperatures (Bodnar 1993 ), they are cross-plotted against homogenization temperature, distinguished by well (Figs 4a, b) . There is no consistent distinction in salinity between primary and secondary inclusions in a single well. The cross-plots for homogenization temperature and salinity data show a contrast between the wells in Quad 206 and those in Quads 204 and 208. The two Quad 206 (Fig. 4a ) wells show no relationship between temperature and salinity. The Quad 204 and 208 (Fig.  4b) wells show a general trend of higher salinity with higher temperature.
The simplest interpretation of an increase of salinity with temperature is that the high temperatures reflect rapid introduction of hot brines from deep levels in the basin to the west, and deeper brines are generally more saline. The lack of a trend in Quad 206 wells (Fig. 4a) may be related to their location further inboard on the continental margin, where deep brines could access less easily. The high salinities at lower temperatures in the Quad 206 wells could also reflect more saline porewaters derived from sabkha facies in the DevonianCarboniferous of the adjacent Clair Field (Allen & MangeRajetsky 1992) .
As many of the samples contain hydrocarbon inclusions, aqueous inclusions are probably gas-saturated and pressure corrections are unnecessary. If such corrections were to be applied, the high temperatures would become even more anomalous. Cathodoluminescence imaging of cements A summary of cement observations summarized by stratigraphy is shown in Fig. 5c ) as well as euhedral grain overgrowths. Pre-Paleocene samples (Jurassic and Cretaceous) contain no unzoned quartz cements -all quartz cements are zoned in CL. Zonation is typically blocky to irregular, with an earlier weakly luminescing phase overgrown by brighter-luminescing quartz, but oscillatory zoned examples (e.g. Fig. 5b ) have been noted.
SEM and XRD studies of kaolin polytypes
Fifteen samples of kaolin-bearing sandstones from ten WOS wells were imaged using SEM-secondary-electron-imagery in order to determine whether dickite and kaolinite could be distinguished in situ. Crystal morphology was used to discriminate between low temperature kaolinite, intermediate kaolinitedickite and high temperature dickite (e.g. McAuley et al. 1994; Osborne et al. 1994) . Kaolin polytypes (which for these purposes can be subdivided into kaolinite, intergrowths of kaolinite and dickite and pure dickite) become progressively more 'blocky' in appearance with increasing temperature (McAuley et al. 1994; Beaufort et al. 1998) . In the WOS samples studied, the majority of kaolin had one of two morphologies:
+ very fine-grained aggregates (grain size of 2-3 µm) of grain-coating individual platelets on detrital feldspars (Fig.  6a) ; + coarser, more blocky aggregates up to 20 µm long in quartz-lined fractures (Fig. 6b, c) . Beaufort et al. (1998) noted that fine-grained kaolinite occurring on feldspar is a common feature of weathering and, therefore, the fine-grained kaolin recorded here may represent either detrital kaolinite or kaolinite formed during the primary stages of feldspar weathering. As feldspar dissolves during progressive burial, kaolin morphologies coarsen and become more euhedral due to recrystallization. Kaolinite coarsened by recrystallization (and intergrowths of kaolinite with dickite pseudomorphing kaolinite) are commonly referred to in the literature as 'blocky' or 'intermediate' kaolinite (Osborne et al. 1994; Beaufort et al. 1998) . Intermediate kaolinite may, however, form by hydrothermal processes involving the illitization of early kaolinite by hot fluids (Lanson et al. 1996) , as well as by burial-related recrystallization. Given the setting of intermediate kaolinite in WOS samples (where it is restricted to fractures associated with quartz) and the occurrence of kaolinite-illite intergrowths in many samples (e.g. Fig. 6c ), we suggest that hot fluid-related illitization is responsible for the coarse aggregates of intermediate kaolinite recorded here.
XRD analysis was carried out to determine whether kaolin polytypes could be used as indicators of high-temperature fluid flow. Due to small sample volumes used in the study (mainly sidewall core or small core fragments) and difficulties in extracting sufficient pure kaolin material from these samples, only four samples were studied.
Because of the limited sample set, any conclusions as to the use of XRD as a high-temperature fluid flow indicator are limited and, here, only the data collected are discussed. As noted above, two types of kaolin material were recorded in WOS samples, grain-coating material on feldspar grains and fracture-fill intermediate kaolinite associated with quartz. Two samples from each setting were analysed. XRD traces from (Fig. 7) . Extensive contamination by both K-feldspar and plagioclase is seen in both matrix kaolinite samples. Feldspar (plagioclase and K-feldspar) and a small amount of calcite dominate matrix kaolinite XRD traces. In contrast, XRD traces from fracture-fill intermediate kaolinite samples show both dickite and kaolinite components and little contamination from other material. No pure dickite was noted in XRD.
Stable isotope analysis of kaolin
Isotope data from seven samples in five wells (Table 3) were plotted against literature values for various morphologies and polytypes of kaolinite from North Sea examples (Fig. 8) . In addition to the relationship between morphology and temperature of precipitation discussed above, previous isotopic studies of kaolin in sandstones have also demonstrated a direct correlation between morphology and isotope chemistry. In a compilation of North Sea data, Osborne et al. (1994) noted that low temperature 'vermiform' kaolinite was characterized by high O values and strongly depleted D. Similar kaolinite compositions were noted in upper Jurassic reservoir sandstones from the Magnus Province, east Shetland Basin (Fallick et al. 1993) . Higher temperature polytypes of kaolin, including samples described as kaolinite (McAuley et al. 1994 ), 'blocky' or 'intermediate' kaolinite (Glassman et al. 1989 ) and dickite (McAuley et al. 1994) (Fig. 8) , with the exception of sample 214/29-1 (2563 m) which is enriched in 18 O relative to the other WOS samples and plots in the low temperature kaolinite field.
In order to determine the nature of the fluids that WOS kaolinite may have equilibrated with, a number of scenarios have been examined. These include + precipitation in equilibrium with present-day meteoric waters; + precipitation in equilibrium with ancient marine waters; + precipitation in equilibrium with magmatic waters related to Tertiary volcanic activity; + post-crystallization re-equilibration with present-day formation waters; + precipitation in equilibrium with mixed fluids.
Calculations were performed using the following isotope fractionation equations: O - Savin & Lee (1988) and Sheppard & Gilg (1996) ; D - Lambert & Epstein (1980) . In general, temperatures calculated using Savin & Lee (1988) were 10 C higher than those using Sheppard & Gilg (1996) and more consistent with published temperature data. Osborne et al. (1994) calculated a maximum precipitation temperature for vermiform kaolinite of around 50 C using the oxygen fractionation coefficients of Savin & Lee (1988) , which recalculate at 40 C using Sheppard & Gilg (1996) . In order to maintain consistency with existing published data, all calculations quoted here were, therefore, performed using the oxygen fractionation values of Savin & Lee (1988) . Figure 9 shows the best-fit calculated kaolinite compositions that would have grown in equilibrium at temperatures of between 80 C and 100 C, and with fluids of between D= 3‰ and 6‰. These samples would all have equilibrated with a fluid of similar composition.
DISCUSSION
Stratigraphic focusing of hot fluid signatures
Anomalously hot palaeotemperatures have been retained in aqueous and hydrocarbon inclusions in quartz cements and microfractures in several wells. In Tertiary samples temperatures are increased by up to 40 C when compared to the underlying sediments (wells 204/28-1, 206/5-2, 208/27-1 and 214/29-1) and temperature-depth profiles from these wells show a pattern characteristic of lateral rather than vertical heat transport. In the case of 204/28-1 the hot fluid signature is absent from overlying Oligocene samples. Hot fluids may be sourced from hydrothermal vents or by rapid up-dip flow from deep basin levels. Existing models for WOS fluid migration invoke up-dip fluid flow (Parnell et al. 2001) . Stratigraphic focusing WOS would be enhanced by sandstone geometries in the Paleocene (Lamers & Carmichael 1999) 
Cementation during hot fluid flow
Quartz cement studies show characteristic stratigraphic distributions. Quartz cements are interpreted as having formed early in the diagenetic history, and, as such, the stratigraphic age of the sample in which they occur can be regarded as a maximum age of formation. Unzoned quartz cements (often forming as multiple small euhedral prisms) are restricted to samples of Paleocene age, whilst oscillatory zoned cements occur in older samples (Cretaceous-Jurassic). Oscillatory zoned quartz cements are the most commonly recorded quartz overgrowths (Hogg et al. 1992; Lyon et al. 2000) . The growth dynamics leading to oscillatory zonation are not well understood in detail (Holten et al. 2000) , but it is now generally accepted that oscillatory zoning involves growth at a rate which permits the build up of chemical change at the crystal growth front (Bolton et al. 1996) . Changes in the composition of the saturated fluid from which the crystal grows will alter growth rate (since the structure of quartz cannot easily accept impurities) (Allègre et al. 1981; Shore & Fowler 1996; Holten et al. 2000) and zonation detectable by CL is produced. Oscillatory zoning requires relatively slow crystallization rates compared to unzoned growth, where growth occurs more quickly than the formation of chemical gradients (Watt et al. 1997) . Zoned cements may grow by closed system diffusional growth or open system episodic growth, while unzoned cements are thought to grow by open system continuous growth (Lyon et al. 2000) . Unzoned cements are, therefore, best explained by rapid precipitation and, consistent, in this case, with open system episodic growth from a cooling fluid emplaced in Tertiary samples.
In contrast to this episodic cementation, silica cements in Cretaceous samples show complex zonation, which we consider more typical of prolonged cementation during basin subsidence. Comparison of fluid inclusion data with cement distribution shows a good correlation between palaeofluid temperature and predicted cement type. Samples 204/28-1 (1030 m) and 164/25-1 (2664.5') both show anomolously high palaeotemperatures at Paleocene stratigraphic levels and unzoned cements, while zoned cements were noted in samples 208/27-1 (1477.5 m) and 214/29-1 (2570 m). Only one sample (204/22-1, 1540 m) showed a combination of hot palaeotemperatures and zoned quartz cement. It should be noted, however, that 'normal' quartz cement (which we take to mean locally sourced quartz cement produced by pressure solution, Hertzian fracturing and localized reprecipitation (Milliken & Laubach 2000) ) is always zoned when imaged using a sensitive enough CL detector. The quartz CL signal is strongly defect related, and, since no perfect crystal has ever been grown, zonation will almost always be present. It is suggested, however, that there may not be a consistent link between cement morphology and T h because cement morphology is a function of precipitation rate and not temperature. A rapidly precipitated igneous quartz crystal grown in a single phase of crystallization, from a saturated and rapidly moving melt at 900 C can be unzoned, whereas a slowly growing crystal crystallizing at 700 C, in a relatively static melt where grain boundary-melt interfaces may change composition, will almost undoubtedly show zonation (Watt et al. 1997) . Waldehaug (1994) suggests that the lowest measurement of fluid inclusion homogenization temperatures for aqueous inclusions can be used as a best estimate of the temperature of initial quartz cementation in a sample. Precipitation rates can be calculated from homogenization temperatures and burial history modelling. This paper proposes that these WOS data suggest that rapid precipitation has taken place. Waldehaug (1994) concludes that there is a direct exponential correlation between increasing precipitation rate and increasing temperature. Therefore, it is possible for cements to be precipitated rapidly from cooling fluids, especially when they are cooling from elevated temperatures. For example, from his data, rapid quartz precipitation could occur at temperatures of c. 90 C and above, although it is faster at higher temperatures.
Source of hot fluids
Having demonstrated the presence of hot fluids, stable isotopic analysis may allow determination of the source of these fluids. It has already been noted that the fluids with which the kaolinite equilibrated were not of magmatic origin. Isotopic calculations (Glassman et al. 1989; Fallick et al. 1993; McAuley et al. 1994) predict that kaolinite of mean WOS composition would precipitate in equilibrium with meteoric waters which have a composition of approximately 18 O= 4‰, D= 21‰ at 80 C to 90 C. These temperatures are consistent with literature observations that blocky kaolinite precipitates at temperatures in excess of 70-80 C. When fluid compositions for all WOS samples (with the exception of GW-01-05) are plotted, it is apparent that they lie on a linear trend depleted in 18 O relative to meteoric waters ( Fig. 10 ) and, therefore, cannot have precipitated directly from unmodified present-day meteoric water compositions.
Experimental studies have shown that post-crystallization exchange of O isotopes between kaolinite and porewater is negligible at reservoir temperatures, although D isotope exchange has been reported by Longstaffe & Ayalon (1990) amongst others. Furthermore, Osborne et al. (1994) , in a study of kaolinite in the Thistle Oilfield, concluded that postprecipitation exchange between clays and pore fluids at presentday reservoir temperatures has not occurred. No isotopic data from present-day WOS formation waters exist in the literature, so it is not possible to directly estimate whether re-equilibration of WOS kaolinites with their corresponding formation waters has occurred. Literature compositions for reservoir pore fluids in the North Sea, however, typically fall between 18 O= 2‰ to +2‰ (Brint 1989; Ziegler et al. 2001) , significantly higher than calculated fluids in equilibrium with WOS kaolinite. Present-day equilibration of WOS kaolinites with modern formation waters is, therefore, considered unlikely.
Pre-Miocene seawater is estimated to have had a composition of 18 O= 1‰, D= 7‰ (Sheppard 1986 ). Calculated kaolinite compositions in equilibrium with a fluid of this composition at temperatures between 80 C and 100 C have 18 O values between +15.2‰ and +17.2‰, significantly higher than those of the WOS kaolinites. It is unlikely, therefore, that kaolinite precipitated from unmodified pre-Miocene marine fluids at temperatures consistent with growth of blocky kaolinite. The modification of original seawater compositions by interaction with basalts or volcaniclastic sediments leads to a depletion of fluid 18 O to levels below the meteoric water line (MWL). It is possible, therefore, that high D WOS samples precipitated in equilibrium with isotopically modified marine porewater which reacted with basalts or volcaniclastic sediments (Lawrence & Gieskes 1981; Sheppard 1986) . It is also possible that they could they have a small Mesozoic meteoric water component (see below). 
CONCLUSIONS
This study confirms that the stratigraphically constrained hot fluid flow event recorded by Parnell et al. (1999) in well 214/29-1 is present over a wider area in the West of Shetland area, and to shallower depths, than previously recorded. Glassman et al. (1989) , Fallick et al. (1993 ), McAuley et al. (1994 and Osborne et al. (1994) .
Paleocene to Upper Eocene times. In 206/5-2, a hot fluid signature is absent from quartz cements in the upper part of the section, while 214/29-1 shows no evidence for hot fluids in the pre-Tertiary section. In well 214/29-1, thick mudrocks separate Cretaceous and Paleocene sands, acting as a baffle to hydrologic continuity and restricting hot fluid flow to Tertiary aquifers. These results are interpreted as evidence of stratigraphic focusing of hot fluids within aquifer horizons. Cement morphology and zonation, as recorded in SEM-CL, can be used to discriminate Paleocene samples from older (Jurassic and Cretaceous) and younger (Eocene) sandstones. Diagenetic sandstone cements most commonly show oscillatory zoning and are a consequence of increased pressure solution with burial. These cements, which form both gradually and incrementally, are restricted to Jurassic-Cretaceous and Eocene samples and are absent from all but one Paleocene sample. In direct contrast to the processes responsible for the formation of zoned cements, a silica-saturated hot fluid will precipitate silica relatively rapidly when it cools. Rapid precipitation will produce cements that are unzoned (since insufficient time is available to generate growth front concentration gradients). In the case of WOS samples, this has occurred only in Paleoceneaged samples. No evidence for unzoned quartz cements was noted in any pre-Paleocene or Eocene samples (although the shallowest samples studied contained very little cement). Literature examples of unzoned quartz cements are relatively rare, due to the episodic nature of palaeo-porewater migration in response to burial. The restriction of unzoned cements as a hot fluid indicator to a certain stratigraphic level (in this case Paleocene) is again consistent with lateral focusing of hot fluids. Stable isotope data suggest that these fluids are most likely a mixture of ancient meteoric water (Mesozoic-Tertiary) and marine porewaters modified by interaction with volcanic material. Kaolinites equilibrated at temperatures of around 80 C Data from Glassman et al. (1989) , Fallick et al. (1993) and McAuley et al. (1994) . These results have several implications for the development of sandbodies and source rocks in basin settings that have experienced hot fluid migration. Palaeofluid temperatures of over 200 C have been noted, which have the potential to impact the quality of reservoired hydrocarbons (e.g. thermal degradation). As rapid movements of fluid pulses may be required to prevent cooling if migration distances are significant, it could be argued that these pulses have had little effect on maturation or thermal breakdown. These results, however, indicate that hot fluid flow occurred over a relatively long time period (Paleocene to upper Eocene) and, thus, thermal impacts on hydrocarbon quality might be predicted. Further work, to determine the effects on reservoired hydrocarbons is, therefore, important, especially in light of the high temperature oil inclusions in 206/5-2 (and noted previously in 204/19-1) which indicate that the hot fluid pulse involved oil migration.
